Th is study examines the variation in cacti species richness and abundance among sites with diff erent average rainfall and soil types. We assessed a total of 3,660 individuals of six species of Cactaceae: Cereus jamacaru, Melocactus zehntneri, Pilosocereus gounellei, Pilosocereus pachycladus, Tacinga inamoena, and Tacinga palmadora. Th e greatest species richness and abundance of cacti were at locations with low rainfall and more clayey soils. Th e species studied diff ered in multidimensional representation, with some species being more positively related to soils with a higher proportion of fi ne particles (M. zehntneri and P. gounellei), while others were negatively related to soils with a higher proportion of coarser particles (T. inamoena) or positively related to areas with higher rainfall and vegetation cover (C. jamacaru and P. pachycladus). Th e diff erential responses of the species of Cactaceae studied in relation to the gradients analyzed demonstrates the need for more research into the relationship between cacti and environmental variables in semiarid ecosystems with high environmental heterogeneity.
Introduction
Th e semiarid region of Brazil is a region of great diversity in many respects (geomorphological, physiognomic, etc.) (Alves 2009; Moro et al. 2016) . Th roughout most of its extent the annual rainfall is equal to or less than 1000 mm (AESA 2014) . Furthermore, this precipitation is heterogeneously distributed as a result of two large moisture gradients, one in the north-south direction determined by decreasing precipitation, and the other in the east-west direction due to the eff ect of increasing continentality (Rodal et al. 2008) . Th e most common soil of the region is of crystalline origin, but areas of sedimentary soil are also present (Moro et al. 2015; Moro et al. 2016) .
Th e Caatinga domain (seasonally dry tropical forest), with features that distinguish it from the other main biomes of the world, exhibits marked variation in its response to environmental heterogeneity, which is related to the interaction among edaphic, climatic and historical factors (Moro et al. 2015) . Th e hyperxerophytic vegetation of the Caatinga grows in crystalline soil and is predominant in this phytogeographical region (Moro et al. 2016) .
Species of the family Cactaceae have important adaptive traits for surviving xeric environments, being mostly leafl ess plants with succulent, photosynthetic (cladodes) and spiny trunks and branches (Buxbaum 1950; Nobel 2002) . Cacti also use crassulacean acid metabolism (CAM), which enables more effi cient use of water (Nobel 2003) . In Brazil, there are 260 species of 39 genera (Zappi et al. 2016) of Cactaceae, which are often taken as emblematic of Caatinga vegetation (Forzza et al. 2012) .
Studies of the semiarid vegetation in Brazil show that Cactaceae is well represented in terms of the number of species (Oliveira et al. 2009; Santos & Melo 2010; Santos et al. 2011; Pereira Júnior et al. 2012) , demonstrating the relevance of this family when trying to understand communities of semiarid ecosystems. Furthermore, cacti are usually among the only species remaining original vegetation is transformed by human activities (Zappi & Taylor 2008; Gonçalves et al. 2016) .
Studies on species distributions and plant communities can provide information about the environment that is useful in conservation (Moro et al. 2015) . Accordingly, initial prospects of using cacti as indicators of environmental gradients are present in the work of Mera et al. (2012) , who studied the distribution and diversity of cacti on the western slope of the Peruvian Andes, by correlating these data with climatic parameters of rainfall and potential evapotranspiration and climatic thermicity and aridity indices.
From this perspective, we expected that cactus communities would show the same patterns of variation in species composition and structure in response to environmental variation, but particularly in relation to variation in water availability. Specifi cally among species of Cactaceae, there are many examples of intraspecifi c variation in vegetative characters in response to water and nutrient availability, and levels of solar radiation (Buhanan & Briggs 2010; Menezes et al. 2015) .
On the basis of these premises, the present study investigated the species composition and structure of cactus communities in four areas of the semiarid region of Paraíba, Brazil, with diff erent rainfall levels and edaphic conditions. Th e following question was posed: is there variation in the composition and structure of cactus communities in relation to environmental heterogeneity on the scale analyzed? Th e hypothesis of this study was that there would be no variation in species composition among the areas analyzed, but that abundance of species would depend on diff erent environmental preferences for water availability and soil parameters. Th is study promises to add to our knowledge about the ecology of cactus species in the Brazilian semiarid region and its Caatinga ecosystem.
Materials and methods

Study area
Th e Caatinga is a predominantly shrubby-arboreal, xerophytic, deciduous and thorny vegetation, whose most representative families are Leguminosae (subfamilies Caesalpinoideae, Mimosoideae and Faboideae), Euphorbiaceae and Cactaceae (Rodal et al. 2013) . Four areas of Caatinga (A1-A4) were selected for study that had declining levels of mean annual rainfall, and possessed particular properties that indicated they had not been cut for at least the last 20 years, given the diffi culty of fi nding pristine areas because of the historical exploitation of Caatinga vegetation (Fig. 1) . Area A1 has the highest mean annual rainfall with 650 mm (average weather data for the 30 year period of 1961 and 1990; AESA 2014 ) and a mean temperature of 23°C (INMET 2014) . The soils are predominantly sandy with little litter. It is characterized mainly by the presence of trees, including lianas and epiphytes; the other three areas have increasingly more open shrubby land, without lianas and epiphytes, and more exposed soils. Area A2 had the second highest mean annual rainfall with 550 mm (AESA 2014) and a mean temperature of 23°C (INMET 2014), followed by A3 with a mean annual rainfall of 450 mm (AESA 2014), and a mean temperature of 25°C (INMET 2014) . Area A4 had the lowest annual rainfall among the four study areas, and the lowest rainfall in Brazil, with 350 mm annually (AESA 2014); its mean temperature is 23°C (INMET 2014) . Areas 2 and 4 had the greatest amount of exposed rock.
In each area, we marked three 1-ha plots that were spaced at least 500 m apart; an adaptation of the method proposed by Rodal et al. (2013) . This standardized plot size was chosen in order to include the largest possible number of individuals because of the low density of some species of Cactaceae (Zappi et al. 2011a) , the clustering distribution pattern that some species exhibit (Gomez et al. 2013) and their capacity for vegetative propagation (Meiado 2012) .
Fieldwork was carried out between January 2013 and December 2014. In each plot, we identified all living individuals of cacti belonging to all sizes and life forms, and recorded their diameter at ground level (DGL) and height; height was measured by comparison with a stick of known length (3 m) (Rodal et al. 2013) . When high densities of shrubby Cactaceae made it impossible to measure all individuals, we measured all those of a circular area onefifth the size of the total cactus cluster, and used these data to extrapolate for the entire cluster.
In an attempt to discern a pattern that could be compared with other groups belonging to seasonally dry tropical plant formations (SDTFs) (Moro et al. 2015) , found cacti were classified according to Raunkiaer's classification of lifeforms following the suggestions proposed by Moro et al. (2014) in the catalog of vascular plants for the Caatinga Phytogeographical Domain (PCD).
We determined absolute density (AD), mean height, mean DGL, volume, Shannon diversity index (H') and Pielou evenness index (J') using the program Fitopac Shell, version 2.1.2 (Shepherd 2010 ). Hutcheson`s t-test was used to compare the diversity indicies for each area using the software PAST 2.17c.
Data for determining mean annual rainfall were gathered from the online platform of the Executive Agency for Water Management of Paraíba State (AESA 2014), which are produced from monthly and annual climatological data taken at weather stations over an average of at least thirty years. Enhanced vegetation index (EVI) values were obtained through the website SERIES VIEW (Freitas et al. 2011) ; this is a spectral vegetation index (SVI) using the relationship between the red, near infrared and blue reflectance by remote sensing to infer the vegetation cover of a certain area (Huete et al. 2002) .
In each plot, we measured the coordinates and terrain elevation using a Garmin eTrex 30 GPS, and collected soil for determining particle size by screening. Soil samples were collected from 0-20 cm deep at three random points of each plot, and combined. The samples were dried in an oven at 105 °C for 24 hours and then placed on a shaking platform and sieved using p2 (>2 mm), p500 (<0.5 mm), p250 (>0.25/<0.5 mm), p63 (>0.038/<0.063 mm) and c (<0.038 mm) sieves.
Non-metric multidimensional scaling (MDS), with a distance matrix calculated by the Bray-Curtis similarity, was used as the a priori test to observe tendencies in spatial variation. The MDS arranges the data along two dimensions, thus showing which areas are more similar (in composition and abundance) in relation to environmental factors. The suitability of the ordination was verified by the stress value, which indicates the relationship between the Euclidean distance among the samples and the ordination axes. (Clarke & Warwick 2001) .
Subsequently, we performed a PERMANOVA permutation analysis (with 999 permutations) (Anderson et al. 2008) to test the significance of differences among ordering patterns formed by MDS, and a pairwise test (post-hoc test) to identify which pairs of groups differed statistically. The significance of each pairwise comparison was determined by Monte Carlo test (Gotelli & Ellison 2011) .
As an exploratory test to search for a predictive model that could suggest the environmental variables that would best relate to the variation in cactus communities, a biotic environmental (BIO-ENV) analysis was performed. This analysis used the abiotic and biotic data to construct similarity matrices, whose rankings were compared by using Spearman's coefficient (ρ) (Clarke & Warwick 2001) .
The predictor variables identified by BIO-ENV were related to species by way of a canonical correspondence analysis (CCA). This analysis allows the variation among cactus communities to be observed as they relate directly to variation in the predicted environmental factors (Braak 1995) . These statistical analyses were performed using the statistical program PRIMER 6.0 + PERMANOVA (Clarke & Warwick 2001) .
Results
A total of 3,660 individual cacti were sampled of six species belonging to four genera: Cereus jamacaru, Melocactus zehntneri, Pilosocereus gounellei, Pilosocereus pachycladus, Tacinga inamoena, and Tacinga palmadora. The four study areas did not exhibit many differences in species composition. However, there was variation in the proportion of abundances of Raunkiaer's life forms and in structural patterns among areas (Tabs. 1, 2). Table 2 . Average (and standard deviation) of structural parameters of the study areas and proportion of abundance of Raunkiaer's life forms sampled in semiarid region of Brazil. A1 = highest rainfall; A2 = medium-high rainfall; A3 = medium-low rainfall; A4 = lowest rainfall; Ph = phanerophyte; Ch = chamaephyte; AD = absolute density; H = mean height; DGL = mean diameter at ground level; H' = Shannon-Wiener diversity index (a, b, and c in decreasing order of importance, represent areas whose diversity differs significantly (p <0.05)); J' = Pielou evenness index; V = volume of cactus. Table 3 . Average (and standard deviation) of environmental variables in relation to study areas sampled in semiarid region of Brazil. A1 = highest rainfall; A2 = medium-high rainfall; A3 = medium-low rainfall; A4 = lowest rainfall; EVI = enhanced vegetation index.
A1
A1 A2 A3 A4
Gravel (%) 11.3 (3.5) 11.1 (7.0) 12.1 (6. Structural data showed that A1 was mainly characterized by taller individuals (4.9+2.0 m), with larger diameters (13.3+3.0 cm) and greater mean volume (7.1+1.7 m 3 ) than the other areas. A2 had the greatest diversity (H' = 1.64; p<0.01) and evenness (J' = 0.91), with a mean volume close to that of A1 (6.9+7.9 m 3 ). A3 had the lowest values for diameter (4.3+0.8 cm), height (0.8+0.6 m), diversity (H' = 0.88), evenness (J' = 0.49) and volume (1.6+1.8 m 3 ). Finally, A4 showed, in most cases, intermediate values between A2 and A3 (Tab. 2). Of the four areas analyzed, the lowest values of abundance and richness were seen in A1, which had the highest mean annual rainfall (650 mm). The other areas had equivalent species richness, but abundance increased gradually with decreasing rainfall (Tab. 3).
The MDS ordination showed a stress value of 0.09, indicating that the ordination was capable of adequately separating the samples among areas (Fig. 2) . The four areas were significantly different in terms of composition and abundance (Pseudo-F 3,11 = 5.54; p<0.01); however, when the groups were subjected to the post-hoc Monte Carlo's test, A3 did not differ statistically from A1 and A2 (pMC > 0.05); this occurred because one sample (plot) from A3 closely resembled those of A1 and A2 in terms of structure, despite being geographically distant from them (Figs. 1,2) . Th e predictive model produced by the BIO-ENV analysis found that the variables most correlated with an infl uence on the structure of the cactus communities studied were clay and EVI (r = 0.74; p < 0.001, the greatest values of correlation). CCA eigenvalues were 0.275 for axis 1 and 0.091 for axis 2, and together they explained a total of 51.06% (axis 1 = 38.33% and axis 2 = 12.73%) of the variation among cactus communities in relation to environmental variables (Fig. 3) .
Species structure patterns diff ered with regard to the ordination axes given by the BIO-ENV predictive model. C. jamacaru and P. pachycladus proved to be positively correlated with the variables EVI and precipitation, whereas M. zehntneri and P. gounellei were positively correlated with soils with the highest percentage of clay and silt. Th e structure patterns for T. inamoena were negatively correlated with percentage of medium-sized sand, whereas T. palmadora had no patterns correlated with the variables given by BIO-ENV. 
Discussion
Cacti species richness did not vary greatly among areas. This may be because we did not consider the entire extent of the temperature gradient. The greatest distance between study areas was approximately 40 km, which we expected to be the correct scale for limitation of species distributions (Godínez-Álvares et al. 2003) . However, all areas except A1 (highest rainfall) possessed the same six common species of the Caatinga ecosystem. Variation among these cactus communities was therefore related to differences in the proportion of life forms, abundance, height, and diameter, possibly because of their different environmental preferences, as demonstrated by the different values for density and volume.
Despite variation in the proportions of Raunkiaer's life forms, we did not find a consistent pattern in relation to the gradient tested in our research (Tab. 2). However, the apparent increasing importance of chamaephytes with decreasing rainfall, and the opposite for phanerophytes, is interesting. Further investigation of this result is needed, and should incorporate a greater number of samples and encompass a greater extent of the gradients in semiarid regions, including Caatingas that exist in different geological parts of the semiarid region (see Moro et al. 2016) .
MDS revealed the separation of the samples into four groups with a stress level of 0.09, which demonstrates a good representation of the data, and minimal information loss caused by the decrease in dimensions of the two-dimensional representation itself (Clarke & Warwick 2001) . The analysis suggested that the groups reflected differences in structural characteristics and abundance among areas, which could be correlated with environmental variables in each case. The structural data showed that the highest diversities (H') of cacti were in A2 and A4, which had a mean annual rainfall of less than 650 mm and higher percentages of fine soil particles (clay and silt), which supposedly allows for a greater water-retention capacity than do other soil particle sizes (Nobel 2003; Gurevich et al. 2009 ). More studies are needed to infer about the relationship between granulometry and water retention in Brazilian soils, but some studies have found a tendency for soils with a greater proportion of fine particles to possess a greater capacity for water retention (Oliveira et al. 2002; Costa et al. 2013) .
The arrangement of cactus species according to environmental factors (CCA) with low eigenvalues (<0.5), indicated that the variation among communities was related to differences in species abundance and not necessarily to their replacement (Braak 1995) . Thus, structures of the cactus communities are linked to specific physiological mechanisms of species adapted to certain environmental factors. Some species were positively correlated with environments with more available moisture, such as P. pachycladus and C. jamacaru. Other species, such as, M. zehntneri and P. gounellei, are better suited to environments where the soil has a greater water-storage capacity. Tacinga inamoena was correlated with sandier soils and T. palmadora was the most abundant species among the habitats analyzed.
Differences in diversity values among areas were due to variation in cacti species dominance (Gurevich et al. 2009 ). The dominance of T. palmadora in A3 (medium-low rainfall) might be related to the Allee effect at both the intraand interspecific levels (Courchamp et al. 1999) . Its strong capacity for vegetative propagation (Meiado 2012) , suggests a decrease in the importance of intraspecific competition. Furthermore, its presence in association with large expanses of Bromelia laciniosa, with which it shares pollinators (birds) (Leal et al. 2006) , may be explained by optimal foraging theory (OFT), which postulates that the choice of feeding areas by birds is determined by the availability of resources, under the premise of maximizing energy (Begon et al. 2007) .
Cereus jamacaru is a species with a wide distribution in the Brazilian semiarid ecosystem (Zappi et al. 2016) , however, it was always observed in low abundance in this study (107 individuals). This can be partly explained by the anthropogenic pressure it suffers by being used for forage during prolonged droughts (Cavalcanti & Resende 2006; Gonçalves et al. 2016) .
The genus Pilosocereus is also well represented in surveys of Brazil's semiarid region (Zappi et al. 2016) , and is often represented by P. pachycladus in environments with mean annual rainfall over 500 mm (Silva et al. 2010; Pereira Júnior et al. 2012) or by P. gounellei in environments with mean annual rainfall lower than 500 mm (Oliveira et al. 2009; Santos et al. 2009; Santos & Melo 2010; Tölke et al. 2011) or by both species, as was the case in the present study.
The association of the abundance of M. zehntneri and P. gounellei with areas with higher percentages of clay and silt, suggests that these species have a stronger preference for semiarid areas with rocky soils and large fine particles. However, this result needs to be verified with studies that add new parameters to focus on understanding the distribution of these species in areas with exposed rocks (Fabricante et al. 2010; Zappi et al. 2011b ) and the specific physiological mechanisms involved.
The presence of P. pachycladus at sites of increased precipitation and higher EVI values, corroborates studies showing that this cactus occurs in semiarid areas that have greater rainfall (Alcoforado-Filho et al. 2003; Silva et al. 2010 ) and sandy soils, common characteristics of the Caatinga (Andrade-Lima 1981).
Conclusions
Our results found a pattern among the cactus communities in the semiarid region of Paraíba, Brazil: an increase in abundance with a reduction in annual rainfall, but the distribution of species varied. The results indicated positive relationships with some environmental characteristics by some species, especially with fine soil particles (M. zehntneri and P. gounellei) and high rainfall (C. jamacaru and P. pachycladus), and a negative relationship with coarse soil particles (T. inamoena). These data are important for understanding the formation of distribution patterns and diversity among cactus communities. They also indicate that cactus communities can be used as indicators throughout the unique environmental heterogeneity of the Brazilian semiarid region. Finally, our data suggest the need for further research aimed at filling in the gaps this study has identified in understanding species ecology.
